Continuous exposure to preservatives such as nitrite salts has deleterious effects on different organs. Meanwhile, Nigella sativa oil can remediate such organ dysfunction. Here, we studied the effect of consumption of thymoquinone (TQ); the main component of Nigella sativa oil on the brain damage induced by sodium nitrite. Forty adult male rats were daily given oral gavage of sodium nitrite (80 mg/kg) with or without thymoquinone (50 mg/kg). Oxidative stress, cytokines of inflammation, fibrotic elements and apoptotic markers in brain tissue were measured. Exposure to sodium nitrite (SN) resulted in increased levels of malondialdehyde, TGF-β, c-reactive protein, NF-κB, TNF-α, IL-1β and caspase-3 associated with reduced levels of glutathione, cytochrome c oxidase, Nrf2 and IL-10. However, exposure of rats' brain tissues to thymoquinone resulted ameliorated all these effects. In conclusion, thymoquinone remediates sodium nitrite-induced brain impairment through several mechanisms including attenuation of oxidative stress, retrieving the reduced concentration of glutathione, blocks elevated levels of pro-inflammatory cytokines, restores cytochrome c oxidase activity, and reducing the apoptosis markers in the brain tissues of rats.
www.nature.com/scientificreports www.nature.com/scientificreports/ to acquire morbidity effects such as cancer especially brain cancer, leukemia, and nasopharyngeal tumors due to its oxidative properties 5 . The proposed sub-cellular mechanism for such cancer initiation property is that SN may form carcinogenic nitrosamines during charring or overcooking meat, under acidic conditions of the stomach or during the acidity produced in curing process of preserved meats 6 .
The human diet is an crucial component for safeguarding against the upgrowth of cancers. Some new trends in cancer chemotherapy recommended the use of some natural products 7 . One important natural product is Nigella sativa oil, frequently recognized as black cumin. This volatile oil is reported to include 30-48% thymoquinone (TQ), the main active ingredient 8, 9 . TQ is important in relieving oxidative stress, improve the neuronal survival and therapeutic effects for the treatment of central nervous system tumors 7, 10, 11 . Oxidative stress was blamed for the harmful effects of higher concentrations of sodium nitrite 12 .
According to our best of knowledge, there is a lack in research for nutritional treatment of oxidative stress produced by the sodium nitrite. In addition, the molecular mechanism of the brain toxicity of sodium nitrite is rarely studied. Keeping in mind that, there is a great incidence of brain cancer among teens that may be linked to repeated intake of processed food with high amount of preservatives. Therefore, we investigated the molecular mechanism of chronic oral administration of SN on the brain tissues of rats and the protective role of thymoquinone. We concentrated on four major mechanisms; oxidative stress, inflammation, fibrosis and apoptosis.
Results
Effect of sodium nitrite (SN) and thymoquinone (TQ) on brain tissue structure. Microscopic pictures of brain tissue stained with hematoxylin/eosin from control groups show normal neurons and glial cells. Meanwhile, hippocampal sections from sodium nitrite group show excessive neuronal degeneration, shrinkage (red arrows) and vacuolation (yellow arrow). Exposure of sodium nitrite group to TQ ameliorated most of these effects ( Fig. 1 ).
Effect of SN and TQ on the concentration levels of oxidative stress markers in brain tissue.
Continuous exposure of rats to SN led to in marked increase (around 2.6 times, Supple Fig. 1A ) in the brain concentrations of malondialdehyde (MDA). Besides, it lead to marked decreases (about 1.75 times, Supple brain levels of reduced glutathione (GSH) comparing to the control group (p < 0.05). On the contrary, exposure of brain tissues of rats to TQ lead to significant reductions of MDA levels in a concentration-dependent manner (Supple Fig. 1C,D) . Moreover, exposure of brain tissues of rats to TQ led to significant elevation of the activities of GSH in the sodium nitrite group. The control group of rats had no influence (Supple Fig. 1E ,F).
Effect of SN and TQ on the concentration levels of
Nrf2 and markers concentration levels of mitochondrial oxidative stress in brain tissue. Continuous exposure of rats to SN led to significant decrease of the gene expression of Nrf2 and cytochrome c oxidase activity in brain tissues (around 1.75 times, Fig. 2A,B ) relative to the control group (p < 0.05). Statistical analysis showing about 59% and 38% reduction in Nrf2 gene expression and cytochrome c oxidase in brain tissue in rats received SN respectively relative to the control group. Exposure of brain cells of rats to SN led to significant, concentration-dependent decrease of cytochrome c oxidase concentrations in brain tissue. However, exposure of brain tissues to TQ lead to significant, concentration-dependent restoration of cytochrome c oxidase concentrations in brain tissue (Fig. 2 ).
Effect of chronic administration of SN and TQ on pro-inflammatory cytokines in brain tissue concentrations.
Continuous exposure of rats to SN led to 2.6-fold elevation in the gene expression of NF-κB, 1.78-fold elevation in concentration of Tumor necrosis factor type alpha; TNF-α, in brain tissues of rats. In addition, we found 1.78-fold increase in the brain tissue concentrations of interleukin type 1beta; IL-1β and 1.48-fold decrease in the brain tissue concentrations of interleukin type 10; IL-10 ( Fig. 3C ), in rats exposed SN relative to the control rats. Exposure of rats to TQ blocked sodium nitrite-induced elevation in TNF-α and pro-inflammatory cytokines in brain tissue and reduction of IL-10, but it did not affect the control rats ( Fig. 3D ).
Effect of SN and TQ on pro-inflammatory cytokines in cultivated brain cells levels. Exposure of cultivated brain cells to SN led to elevation of the pro-inflammatory cytokines mediators; Tumor necrosis factor 
Effect of continuous administration of SN and TQ on acute inflammation phase in brain tissue levels. Continuous exposure of rats to SN led to 2-fold elevation of the concentration of c-reactive protein;
CRP, in brain tissues of rats. However, the activity of CRP in rats exposed to both SN and TQ still significantly greater than that in the control rats. Addition of 500 µg of SN to cultivated brain cells caused elevation of the concentration of the CRP in a concentration-dependent manner. However, treating brain cells with 500 µg of SN in combination with TQ, inhibited elevated levels of CRP in a concentration-dependent manner (Supple Fig. 2 ).
Effect of continuous exposure to SN and TQ on fibrosis factors in brain cells concentrations.
Continuous oral exposure of rats to SN led to 2.46-fold increase in concentration of transforming growth factor beta1; TGF-β1, in the brain tissues of rats ( Fig. 5A ). However, the activity of TGF-β1 in rats exposed to both SN and TQ is obviously greater than the control group. Exposure of cultivated brain cells to SN led to increase of the levels of TGF-β1 in a concentration-dependent manner ( Fig. 5B ). However, concomitant addition of 500 µg of SN and TQ, inhibited elevated concentrations of TGF-β1 ( Fig. 5C ) in a concentration-dependent manner.
Effect of continuous exposure to SN and TQ on apoptosis markers concentrations in brain cells.
Continuous oral exposure to 80 mg/kg/day of SN for twelve weeks led to 2.3-and 1.74-fold raising of brain tissue gene expression and enzyme activity of caspase-3; as an apoptosis marker, relative to the control rats. TQ significantly reduced sodium nitrite-induced elevation in the brain tissue activity of caspase-3. In addition, histological analysis of brain sections stained with anti-caspase-3 in CA3 pyramidal cell layer of hippocampal www.nature.com/scientificreports www.nature.com/scientificreports/ sections from control groups shows negative immunolabeling when compared with strong positive immunolabeling in SN group. Exposure of SN group to TQ attenuated caspase-3 immunolabeling ( Fig. 6A-F) .
However, the activity of caspase-3 in rats treated with both SN and TQ still significantly higher than the control group. Exposure of cultivated brain cells to SN led to increase of the caspase-3 in a concentration-dependent manner. However, concomitant addition of 500 µg of SN and TQ, inhibited elevated concentrations of caspase-3 in a concentration-dependent manner. Cellular exposure to sodium nitrite resulted in the reduction of the cellular Figure 4 . Effect of SN and TQ on pro-inflammatory cytokines in H19-7/IGF-IR brain cells. Exposure of cultivated brain cells to SN resulted in elevation of the pro-inflammatory cytokines mediators; Tumor necrosis factor type alpha; TNF-α (A,B) and interleukin type 1beta (IL1β) (C,D) in a concentration-dependent manner and reduction of the concentration of interleukin type 10 (IL-10) (E,F) in a concentration-dependent manner. However, Exposure of brain cells to 500 µg of SN in combination with TQ, inhibited changed concentrations of in a concentration-dependent manner. $ Significant difference as compared with H19-7/IGF-IR cells treated with sodium nitrite at p < 0.05. & Significant difference as compared with H19-7/IGF-IR cells treated with TQ alone at p < 0.05.
www.nature.com/scientificreports www.nature.com/scientificreports/ survival in a concentration-dependent manner. However, concomitant addition of 500 µg of SN and TQ increases the survival rate of cultivated brain cells ( Fig. 7A-D ).
Discussion
The principle conclusion is that thymoquinone (TQ) attenuated sodium nitrite (SN) brain tissues damage in rats feed with SN. Our results explained that conclusion via multiple mechanisms including; First, TQ reduces oxidative stress induced by SN, as indicated by decreasing the level of MDA. Second, TQ blocks the inhibition induced by SN for the antioxidant activity as set out by retrieving the level of reduced glutathione. Third, TQ blocks increased level of pro-inflammatory cytokines such as TNF-α and IL1β induced by SN in brain tissues. Forth, TQ inhibits deactivated function of mitochondria induced by SN as indicated by retrieving cytochrome c oxidase activity. Finally, TQ decreases increased apoptosis marker levels induced by SN, caspase-3 in the brain tissues. According to the best of our many readings, it is the first time to study the cerebral-protection role of TQ for brain cancer induced by SN in rats. It has been previously published that molecular mechanism of the action of thymoquinone to remediate the pro-inflammatory mediator where TQ activates the Nrf2/ARE antioxidant mechanisms in its anti-inflammatory activity 13 . TQ inhibits lipopolysaccharide (LPS)-induced neuroinflammation through interference with NF-κB signaling 13 .
The molecular mechanism of the brain toxicity of SN is rarely studied. There are some attempts to show the histological changes of the brain tissues after chronic ingestion of SN 14, 15 and neuronal toxicity of nitrogen oxide in the brain tissue 16, 17 . There is a great incidence of brain cancer between teens that may be linked to the increased ingestion of preserved and processed meats. According to the American Brain tumor Association, in December 2015, brain cancer is the first most cancer among teens. Around 70,000 people, aged between 15-39, are identified with cancer every year in USA-about 5% of cancer cases are USA. The widely spread cancers for those between 15-39 years old are brain and CNS cancers [18] [19] [20] . The 5-year rate of survival for brain cancer is about 33% in USA. www.nature.com/scientificreports www.nature.com/scientificreports/ We studied the subcellular mode of action of continuous oral exposure to SN on the tissues of the brain in rats. Moreover, we explored the defensive effect of TQ against oxidative stress and pro-inflammatory mediators. SN is an important and a commonly used food preservative. Nitrite salts effectively retards the production of neurotoxic protein produced by the bacterium Clostridium botulinum in meat, effectively develops both the typical flavor and color of cured meat, slows up the oxidative rancidity upon storage, prevents the production of the characteristic bad flavor upon over warming, and maintains the flavors of both spice and smoke during cooking 21, 22 . Despite the recent tremendous effort to decrease or even control dietary nitrite ingestion due to the proved carcinogenic N-nitrosamines produced compounds inside the body, till now no general agreement www.nature.com/scientificreports www.nature.com/scientificreports/ has been adopted to point out that nutritional origin of nitrite is not safe. Since 1983, many researches linking between N-nitrosamines and many types of cancers 23 . The passive significance of nitrite compounds urge the official authorities to control its use and limit its concentrations in drinking water and food, especially in processed meats. Meanwhile, some reports showed the beneficial effect of the nitrite salts in preventing the kidney injury and brain ischemia 24, 25 .
In the current study, we found significant decreases in both reduced glutathione levels and cytochrome c oxidase activity in brain tissues chronically exposed to SN. Moreover, we discover markedly increase in malondialdehyde stress marker present in brain tissues of these rats. In parallel, in other research, SN showed hippocampal and cerebellar histological modifications leading to behavioral reflections induced by brain ischemic reduced oxygen and reduction of the brain weights in rats 15, 26 . These findings showed brain impairment consequences for SN on brain tissues in rats, which are coordinated with a former finding that showed the number of neurons with lesions was considerably higher in animals treated with nitrite salts in areas of the hippocampus CA2, CA3, and CA4 15 .
There is an intimate connection between food and disease that has been noticed throughout the history. Treatment and/or prophylaxis through sanitary production of nutrients and feeding traditions has been explored in spiritual and urban articles for a very long time. Therefore, we pursue for exploring the role of TQ, the principle active component of Nigella sativa oil, in rat model treated with SN for long time. Nigella sativa oil is claimed to have antagonistic effect against obesity, bacterial infection, increased blood sugar level, increased blood pressure, bronchial asthma, diarrhea and inflammation. Besides, it has a good effect for immune system and has neuro-and cardio-protective and antioxidant effects 27 . Administration of TQ for three months ameliorates both the elevated concentrations of creatinine and urea nitrogen in blood samples of rats treated with SN but had no effect on the control group 8 . Nigella sativa oil, extensively utilized as a dietary supplement, has been correlated with reduced www.nature.com/scientificreports www.nature.com/scientificreports/ concentrations of total cholesterol in blood, triglycerides, and/or elevated levels of high-density lipoprotein cholesterol (HDL-C) 27 . According to the best of our readings, no previous study has yet explored the powerful useful effects of Nigella sativa oil in blocking brain impairment induced by SN. We pursued exploring the subcellular mechanism of neuroprotective role of Nigella sativa oil.
In vivo, the produced reactive nitrogenous compounds due to the ingestion of nitrite salts is regarded as the main cause for many tissues damage. Nitrite salts triggers oxidative degeneration of lipids, DNA injuries and enzyme deactivation. MDA, high oxidative stress marker, attributes to the oxidative cellular toxicity of nitrite 28 . It has been previously explored that SN can make chemical interaction with proteinaceous ingredients in the stomach producing carcinogenic nitrosamines and reactive radicals, which may elevate lipid peroxidation tendency, leading to deleterious effects in different organs including liver 12 . Moreover, the consequence of consuming the nitrite salt for a long time on the energy production mitochondrial activity, specified by cytochrome c oxidase, was explored in our research. Mitochondrial cytochrome c oxidase enzyme is the last stage in the electron transfer in the electron transport chain inside mitochondria. It is fundamental for the production of aerobic ATP through stimulation of electron transfer using cytochrome c, a mitochondrial metalloenzyme, to oxygen in molecular state using copper element 29 . We found a marked reduction in the mitochondrial cytochrome c oxidase enzymatic activity in rats that chronically exposed to SN. Previously, many researches proved that the main reasons for the down-regulation in the enzymatic activity of cytochrome c oxidase is related to both reactive oxygen species and apoptosis as well [30] [31] [32] .
Our results elucidated marked increase in oxidative stress that was occurred along with marked decrease in levels of cytochrome c oxidase in rats treated with SN. Meanwhile, we discovered the importance of using Nigella sativa oil in retrieving brain cytochrome c oxidase activity in rats. Hence, Nigella sativa oil was expected to be beneficial in decreasing the oxidative stress, deactivation of mitochondria and DNA fragmentation caused by SN.
Methods
All methods are approved by the ethical research project committee in University of Tabuk (UT-46-10-2018) and performed in accordance with its relevant guidelines and regulations.
Animals and their exposures outlines. The methods are approved by the ethical research project committee in University of Tabuk (UT-46-10-2018) and performed in accordance with its relevant guidelines and regulations.
We used forty healthy adult (3-4 months) male Sprague Dawley (SD) rats. The average weight was 120-140 g. Rats were kept in polycarbonate cages padded with paper in individual manner and covered by stainless steel wire. The ethical committee in Faculty of Pharmacy, University of Mansoura, Mansoura, Egypt (2012-32), approves all animal facilities and animal protocols. Water and food are given in a free access manner. Rats were kept in animal facilities under controlled 12/12 h light/dark cycle with controlled temperature and humidity. All exposures were given using oral gavage. The forty rats were randomly distributed into four groups (ten rats each): Animal scarification and collection of samples. The method is approved by the ethical research project committee in University of Tabuk (UT-46-10-2018) and performed in accordance with its relevant guidelines and regulations.
As previously described 33 , exposure to both TQ and SN was interrupted 24 h before sacrificing by cervical dislocation in the morning after overnight fasting. Brains were treated the same as previously described 33 till we get the homogenized tissue and stored at −80 °C until using. Blood from the trunk was collected and were treated the same as previously described 33 till we get the homogenized tissue and stored at −80 °C until using.
Morphologic analysis and immunohistochemistry. The method is approved by the ethical research project committee in University of Tabuk (UT-46-10-2018) and performed in accordance with its relevant guidelines and regulations.
Brain tissues were cut into five-micrometer sections and stained with hematoxylin/eosin. For immunohistochemical analyses, sections were incubated with monoclonal anti-caspase-3 (Sigma Aldrich Chemicals Co., St Louise, MO, US) at 4 °C. Slides were counterstained with hematoxylin.
Cell culture. The methods are approved by the ethical research project committee in University of Tabuk (UT-46-10-2018) and performed in accordance with its relevant guidelines and regulations. H19-7/IGF-IR rat brain/hippocampus cells (ATCC ® No. CRL-2526 ™ ) were cultivated in a T25 flask lined with collagen for 1 hr at 24 °C. The cells were passaged two times per week. The cells between passages three and eight were used.
Assessment of oxidative stress. The methods are approved by the ethical research project committee in University of Tabuk (UT-46-10-2018) and performed in accordance with its relevant guidelines and regulations.
Oxidative stress was estimated using the following parameters:
Gene Forward Primer Reverse Primer
Nrf2 5′-GAGACGGCCATGACTGAT-3′ 5′-GTGAGGGGATCGATGAGTAA-3′ 5′-ACCCTGACCTTGCCTATTTG-3′  5′-GAAAAGCTGTAAACATGAGCCG-3′   caspase-3  5′-CGTCTGTGCTCCAGGCTTC-3′  5′-TGTGAGTTCCTTCCTTTCTTTGTG-3′ GAPDH 5′-CCATCAACGACCCCTTCATT-3′ 5′-CACGACATACTCAGCACCAGC-3′ Table 1 . Primers used for measuring the genetic expression of Nrf2, NF-κB, caspase-3 and GAPDH.
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